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Axion Dark Matter (1) "

First of all, is dark matter axionic or not?!

Standard assumption: the structure formed from axionic or WIMP dark 

matter is the same.!

But: Axions are a Bose condensate.!

!Produces coherent structures. E.g., organized caustics.!

! !Long known: e.g., Ed Bertschinger, Pierre Sikivie, Tom Quinn!

! !n-Body evolution is recent development!

Will we know whether dark matter is a Bose condensate or not?!

Current experimental status: search for this structure:!

!1. Early Craig Hogan suggestion: lensing from caustics: Idea was to 

!constrain width of phase-space sheet.!

!2. Study ensemble of spiral galaxy rotation curves.!

!3. Monoceros ring, etc.!

!4. Detailed image of caustics in our galaxy.!

There are major concerns about “gastrophysics”!

But I predict that we will have to deal with this in 5 years or so.!



Dark Matter (1) : Astrophysics Structure…some examples "

P. Sikivie figs!

IRAS12wv.gif (GIF Image, 300x300 pixels) http://www.phys.ufl.edu/~sikivie/triangle/IRAS12wv.gif
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IRAS Images of the Galactic Plane  

The images shown below were downloaded from the Skyview Virtual Observatory. They are IRAS maps of 

the Galactic plane in the direction of galactic coordinates (l,b) = (80°, 0°), at each of the four IRAS   

wavelengths (12, 25, 60 and 100 !m). The maps on the left have a field of view of 10° x 10°, the ones on 

the right 30° x30°. 

The images show a triangular feature. The position of the feature is indicated by the locator figures at the top.

The color scale of the images is the default ('Stern special') scale used by the Skyview Virtual Observatory. The

images have not been processed in any way.  

The triangular feature can be interpreted as the imprint of a caustic ring of dark matter upon the gas and  dust

in the Galactic disk. See astro-ph/0109296. The ring has radius 8.3 kpc. The images show the IRAS maps in a

direction tangent to the ring. Looking in the tangent direction enhances the appearance of the cross-section of

the ring. The cross-section of a caustic ring of dark matter is a "elliptic umbilic" catastrophe. This catastrophe

has the shape of a triangle except that the vertices are cusps instead of angles. The gas and dust responds to

the gravitational field of the dark matter caustic. The gravitational field is smoother than the caustic but retains

its triangular shape.

The caustic rings of dark matter are predicted to lie in the Galactic plane and to be oriented such that one of the

vertices points away from the galactic center. The triangular feature in the IRAS maps has these properties. 

To see larger size, click on the thumbnail
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rotation curves published in refs. [2,3].∗ Now, in the case
of a flat rotation curve, vrot is just the average velocity
of the outer rotation curve, which we denote v̄. In the
case of a rising or falling rotation curve, the “overall”
rotation velocity vrot is less precisely defined. We adopt
the prescription vrot ≡ v̄ in all cases. Thus the rescaled
radii r̃i are

r̃i ≡ ri

(

220 km/s

v̄

)

, (6)

where v̄ is calculated according to the following proce-
dure. We are interested in the outer, approximately flat
portion of the rotation curve, so we remove the inner
points by specifying a cut: all points with rescaled radii
r̃i < 10 kpc are thrown out. The remaining points in
the rotation curve are then fitted to a line, and v̄ is the
corresponding average. A subtlety arises because the av-
erage velocity v̄ is calculated after the cut is applied, but
the cutoff is defined in rescaled coordinates and therefore
depends on v̄. The cutoff procedure is in fact performed
iteratively: we start with a guess for v̄, calculate the cut-
off radius, recalculate v̄ based on the cutoff radius, and
so on until both quantities converge (usually after one or
two iterations).

Fitting the outer rotation curve to a line may seem an
arbitrary choice. In practice, it works quite well: devi-
ations from a linear fit are typically less than 10 km/s
in galaxies with a typical rotation velocity of 200 km/s.
However, to verify the robustness of our conclusions, we
also performed the analysis with quadratic polynomial
fits to the rotation curves, with no substantial change in
the results. (Of course, a fit to a high enough order poly-
nomial will remove any features present in the rotation
curve!).

Once the linear fit is calculated, this background ro-
tation is subtracted off the rotation curve, leaving a set
of peculiar velocities δvi. It is then straightforward to
calculate an rms “noise”

√

〈δv 2〉 for each galaxy,

√

〈δv 2〉 ≡
√

1

N − Nfit

∑

i

(δvi)
2, (7)

where N is the number of points and Nfit is the number of
degrees of freedom in the fit (Nfit = 2 for a fit to a line).
We adopt

√

〈δv 2〉 as the size of the error bar on the δvi

∗These curves are heavily processed and do not represent the
velocities of individual sources. See, for example, Ref. [10]
and references therein for a discussion of the observational
details relating to one galaxy in our sample, IC2574. In the
case of the galaxy M33, whose published rotation curve [2,3]
is so densely sampled that the data points overlap with one
another, we choose to sample the published curve at intervals
of 0.25 kpc, a sufficient resolution for our purpose here.

for a given galaxy. This error is a measure of the intrinsic
peculiar velocities of the sources, which we assume to be
random. It is considerably more conservative than the
quoted observational errors on the points in the rotation
curve. Finally, the peculiar velocities are expressed in
dimensionless units δṽi ≡ vi/

√

〈δv 2〉, and the sample of
galaxies is averaged into radial bins:

bi ≡
1

Ni

Ni
∑

j=1

δṽj , (8)

where Ni is the number of data points in the i-th bin. The
assigned error on each bi is then simply 1/

√
Ni. Figure 1

shows the complete set of 32 galaxies averaged into 2 kpc
bins.

There are two features evident at roughly 20 and
40 kpc. A fit to two Gaussians (with amplitude, width
and mean left as free parameters) plus a constant indi-
cates features at 19.4 ± 0.7 kpc and 41.3 ± 0.8 kpc, with
overall significance of 2.4σ and 2.6σ, respectively. Fig-
ure 1 also shows the fitted curve. When the same fit is
applied to the same data in 1 kpc bins, the significance
of the two peaks is 2.6σ and 3.0σ respectively. The lo-
cations of the features agrees with the predictions of the
self-similar caustic ring model with the jmax distribution
peaked at 0.27. The use of Gaussians to fit the peaks in
the combined rotation curve was an arbitrary choice in
the absence of information on the jmax distribution.

FIG. 1. Binned data for 32 galaxy sample, with peaks fit
to Gaussians

We have shown that there is evidence for universal
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Overlay a bunch of scaled rotation!

curves…look for structure.!
IRAS view of where a caustic!

might be. (14 to 100 microns)!



Dark Matter (2) : State of axion theory!

State of QCD-axion theory relatively unchanged since Peccei-Quinn.!

M. Turner, “Axions, the thinking person#s dark matter.”!

But axions (and axion-like particles) appear in other contexts;!

!e.g., strings.!

The mass and couplings (to photons) are relatively!

!constrained: QCD axion is highly constrained.!

e.g., Svrcek & Witten “Axion Cosmology”!

!(1) The axion is as fundamental as the graviton;!

!(2) couplings cannot be too small.!



Dark matter (3): Experiments!

SN1987A!

For the QCD axion, SN1987A is a major constraint!

In the next several years, we"ll have a good idea whether or!

not the QCD-axion hypothesis is correct.!

Reach of RF-cavity!

axion searches in next!

2 years or so!


